ABSTRACT: Sulfotransferases (SULTs) are important phase II drug-metabolizing enzymes. Regulation of SULTs by hormones and other endogenous molecules is relatively well understood, while xenobiotic induction of SULTs is not well studied. Caffeine is one of the most widely consumed psychoactive substances. However, SULT regulation by caffeine has not been reported. In this report, male and female rats were treated with different oral doses of caffeine (2, 10, 50 mg kg −1 per day) for 7 days. Western blot and real-time RT-PCR were used to investigate the changes in SULT protein and mRNA expression following the caffeine treatment. Caffeine induced both rat aryl sulfotransferase (rSULT1A1, AST-IV) and rat hydroxysteroid sulfotransferase (rSULT2A1, STa) in the liver and intestine of female rats in a dose-dependent manner. Caffeine induction of rSULT1A1 and rSULT2A1 in the female rat intestine was much stronger than that in the liver. Although caffeine induced rSULT1A1 significantly in the male rat liver, it did not significantly induce rSULT2A1. In male rat intestine, caffeine significantly induced rSULT2A1. The different SULTs induction patterns in male and female rats suggest that the regulation of rat SULTs by caffeine may be affected by different hormone secretion patterns and levels. Our results suggest that consumption of caffeine can induce drug metabolizing SULTs in drug detoxification tissues.
INTRODUCTION
Sulfotransferases (SULTs) comprise one of the major families of phase II drug-metabolizing enzymes (Glatt et al., 2000; Pacifici, 2004; Gamage et al., 2006; Runge-Morris and Kocarek, 2009; Suzuki et al., 2010) . They catalyze the sulfation of hydroxylcontaining compounds. The co-substrate for sulfation for all SULTs is adenosine 3′-phosphate 5′-phosphosulfate (PAPS). The substrate specificities of some SULTs, such as SULT1A1 and SULT2A1, are very broad. Most hydroxyl-containing compounds (phenols and alcohols) are substrates of SULT isoforms. SULTs contribute significantly for xenobiotic detoxification and drug metabolism. Many drugs or their phase I metabolites can be metabolized by SULTs. SULT induction will increase xenobiotics detoxification; however, it can also cause drug resistance.
Sulfation is also widely observed in various biological processes. The biological activities of various biological signaling molecules -including neurotransmitters; hydroxysteroid, glucocorticoid and thyroid hormones; heparan; peptides; and proteins -can be altered through sulfation. Sulfation usually leads to the inactivation of biological signaling molecules, as the sulfated forms are usually unable to bind to receptors. SULTcatalyzed sulfation regulates the biological activities and functions of many biological signaling molecules. Thus, improper regulation of SULTs can cause these signaling molecules to act improperly and therefore may cause cancer and other diseases. In special cases, sulfation reactions can also lead to the bioactivation of procarcinogens, causing carcinogenic responses.
Caffeine (1,3,7-trimethylxanthine) is the most widely consumed psychoactive substance and is the most commonly used legal stimulant in sports (Morelli et al., 2010; Prediger, 2010; Yang et al., 2010) . Extensive studies have been done on the effect of caffeine on various biological processes in humans and other mammals, such as brain motor activity, cognitive functions, sleep and hypertension. In humans, caffeine is a central nervous system and metabolic stimulant, having the effect of temporarily warding off drowsiness and restoring alertness. Like alcohol and nicotine, caffeine readily crosses the blood-brain barrier that separates the bloodstream from the interior of the brain. Once in the brain, caffeine's principal mode of action is as an antagonist of adenosine receptors (Shapiro, 2007) , mainly A 1 and A 2A receptors. In addition, caffeine is known to be a competitive inhibitor of the enzyme cAMPphosphodiesterase (cAMP-PDE), which converts cyclic AMP (cAMP) in cells to its noncyclic form. Caffeine thus causes cAMP to accumulate in cells (Jones, 2008; Chen et al., 2010a) , which leads to metabolic and hormone-related responses (Murosaki et al., 2007; Riddoch et al., 2007) .
The induction of SULTs by hormones and other endogenous molecules is relatively well studied (Klaassen et al., 1998; Chapman et al., 2004; Glatt and Meinl, 2004) . Recent data suggest that SULTs can be induced by xenobiotics, although the mechanisms for xenobiotic induction are less understood (Glatt et al., 2000; Coughtrie, 2002; Chen et al., 2005 Chen et al., , 2010b Runge-Morris and Kocarek, 2005; Nimmagadda et al., 2006; Chen et al., 2007) . Our previous results indicate that the anti-cancer drug methotrexate (Maiti and Chen, 2003; Chen et al., 2005 Chen et al., , 2006 Chen et al., , 2007 Dutta et al., 2008) and all-trans-retinoic acids (Maiti et al., 2005) show induction activities toward various human and rat SULTs. Isoflavones (Chen et al., , 2010b and methamphetamine (Zhou et al., 2010) have also been shown to regulate rat SULTs expression.
To the best of our knowledge, there are no reports on the regulation of SULTs by purified caffeine in vivo. In the present study, we investigated the regulation of rSULT1A1 and rSULT2A1 by caffeine in male and female rat liver and intestine. SULT1A1 and SULT2A1 have broad substrate specificity and wide distribution in tissues. They are important drug-metabolizing enzymes. Liver and intestine are the most important detoxification tissues. It is important to understand how caffeine consumption affects xenobiotic detoxification and drug metabolism.
MATERIALS AND METHODS

Materials
Caffeine was purchased from Sigma-Aldrich (St. Louis, MO). SDSpolyacrylamide gel electrophoresis reagents were obtained from Bio-Rad (Hercules, CA, USA). Western blot chemiluminescence reagent kits (Super Signal West Pico Stable Peroxide and Super Signal West Pico Luminol/Enhancer solutions) were purchased from Pierce Chemical (Rockford, IL, USA). PVDF membranes used for western blotting analyses were purchased from Millipore Corporation (Bedford, MA, USA). TRI Reagent for total RNA extraction was purchased from MRC (Cincinnati, OH, USA). M-MLV Reverse Transcriptase was obtained from Promega (Madison, WI, USA) and qPCR MasterMix Plus with SYBR® Green I dNTP was purchased from Eurogentec (San Diego, CA, USA). Antibodies against AST-IV (rSULT1A1) and STa (rSULT2A1) were provided by Dr Michael W. Duffel (Division of Medicinal and Natural Products Chemistry, College of Pharmacy, the University of Iowa, Iowa City, IA, USA). Protein assay reagent was purchased from Bio-Rad. All other reagents and chemicals were of the highest analytical grade available.
Animals and Drug Treatments
Male and female Sprague-Dawley rats (Harlan, Indianapolis, IN, USA), 10-11 weeks old and 200-300 g body weight, were used in this investigation. Rats were housed in a temperature-and humidity-controlled room and supplied with rodent chow and water for at least one week before use. Rats were divided randomly into three groups, with four rats per group. Caffeine was dissolved in sterilized water and administered by gavage at 2, 10 and 50 mg kg −1 per day for 7 days to the three separate groups of both male and female rats. The control rats received only sterilized water. Rats were sacrificed 24 h after the final drug treatment. Livers were collected, washed with sterile, ice-cold NaCl (0.9%, w/v) solution, and snap frozen. Intestinal lumens were carefully washed with sterile NaCl (0.9%, w/v) solution. Luminal cavities were opened and fat particles and small blood vessels were trimmed out. The mucosal cells from all small intestines were collected by scraping and snap freezing. Samples were stored at −80°C until use.
Cytosol Preparation
Both liver and intestine tissues were homogenized in 50 mM Tris buffer containing 0.25 M sucrose, 3 mM β-mercaptoethanol and 0.02% (v/v) Tween-20, pH 7.4. All homogenates were centrifuged at 100 000 g for 1 h at 4°C. Cytosol aliquots were collected and preserved at −80°C for western blotting analyses.
Western Blot Analysis
Cytosol protein from liver (10 μg) and intestine (50 μg) was subjected to electrophoresis (Novex, San Diego, CA, USA) on a 12% polyacrylamide gel. After running at 200 V, the protein bands were transferred onto PVDF membranes overnight at 35 V. Membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in Tris-buffered saline (TBS). For both liver and intestine cytosol proteins, membranes were incubated with either rabbit anti-rat AST-IV (rSULT1A1) or rabbit anti-rat STa (rSULT2A1) (1:1000) diluted in TBST [50 mM Tris (pH 7.5), 150 mM NaCl, and 0.05% (v/v) Tween 20] containing 5% (w/v) nonfat dry milk on a shaker overnight at 4°C. After incubation, all membranes were washed with TBST for 3 × 10 min and incubated in secondary antibody (horseradish peroxidase-conjugated Immuno-Pure goat anti-rabbit IgG; H + L) at a dilution of 1:8000 in the same buffer for at least 1 h. The membranes were washed with TBST for 3 × 10 min. Immunofluorescent bands were developed with 3 ml of substrate containing the same volume each of Super Signal West Pico Luminol Enhancer solution and Super Signal West Pico Stable Peroxidase solution at room temperature for 2 min. Fluorescence images were obtained using a VersaDoc Imaging System 5000MP (Bio-Rad, Hercules, CA, USA). Densitometric quantification of protein bands was obtained using Quantity One 4.6.5 software of the VersaDoc imaging system. All the western blot experiments were repeated at least twice, and representative blot results are shown in the figures.
Quantitative Real-time PCR
Total RNA was extracted from liver and intestinal mucosal cells using TRI Reagent from MRC according to the supplier's guidelines. The concentration and purity of the extracted RNA were checked spectrophotometrically by measuring 260/280 absorption ratios. M-MLV reverse transcriptase (Promega) with 1 μg of total RNA was used to synthesize cDNA, and 1 μl of reverse-transcribed product served as the template in polymerase chain reactions. Real-time PCR was performed using the qPCR MasterMix Plus with SYBR® Green I kit (Eurogentec), following the manufacturer's instructions. Primers were designed with Primer Express as follows: rActin-F320, 5′-AGGCCCCTCTGAACCCTAAG-3′; rActin-R435, 5′-AGAGGCATA-CAGGGACAACACA-3′ (GI NM_031144); rSULT1A1-F530, 5′-AGCT-GAGACACACTCACCCTGTT-3′; rSULT1A1-R651, 5′-ATCCA-CAGTCTCCTCGGGTAGA-3′ (GI L19998); rSULT2A1-F496, 5′-ATCCGTGCCTGGCTGTCTAT-3′; rSULT2A1-R642, 5′-GAGGAC-CAAATCCAGCTCATCT-3′ (GI M33329).
Real-time PCR was performed on a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Initially, regular PCR products were purified with GENECLEAN Turbo (Qbiogene, Carlsbad, CA, USA) for constructing standard curves (10-10 the standard curve by Sequence Detector 1.7 software. At least two duplications were run for each standard or unknown sample. All gene copy numbers were normalized to rat β-actin mRNA.
Data Analysis
One-way ANOVA followed by the Dunnett's test was used to calculate the statistical significance of the difference between the control group means and treated group means. In all cases, P < 0.05 was considered significant and P < 0.01 was considered very significant. Data presented in the figures are means ± standard deviation (SD).
RESULTS
Caffeine Induction of rSULT1A1 and rSULT2A1 in Rat Liver
Rat SULT1A1 (rSULT1A1, AST-IV) and rat SULT2A1 (rSULT2A1, STa) protein expression was assessed through western blot and densitometric analyses (Fig. 1) . Caffeine treatment at a dose range of 2-50 mg kg −1 per day significantly up-regulated rSULT1A1 protein expression in both female (Fig. 1A) and male (Fig. 1B) rats. Moreover, rSULT1A1 induction in male rat liver was slightly greater than that in female rat liver. The caffeine induction of rSULT2A1, however, showed a different induction pattern than rSULT1A1. In female rat liver (Fig. 1A) , mid-to highdose caffeine treatment induced rSULT2A1, whereas in male rat liver (Fig. 1B) none of the three doses of caffeine treatments induced rSULT2A1. The levels of rSULT1A1 and rSULT2A1 mRNA induction were consistent with those of protein induction.
Real-time PCR results (Fig. 2) suggest that caffeine treatment up-regulated rSULT1A1 mRNA expression, in both female ( Fig. 2A) and male (Fig. 2B ) rat livers. In female rat liver ( Fig. 2A) , rSULT2A1 mRNA expression was much greater than that in male rat liver, which was consistent with rSULT2A1 protein expression results. In male rat liver, induction was observed only in the group of rats treated with the highest dose of caffeine (Fig. 2B) .
Caffeine Induction of rSULT1A1 and rSULT2A1 in Rat Intestine
The western blot and densitometric analyses of intestinal rSULT1A1 and rSULT2A1 revealed that caffeine treatment at a dose range of 2-50 mg kg −1 per day significantly up-regulated rSULT1A1 and rSULT2A1 protein expression in female rat intestine (Fig. 3A) . Caffeine induction of rSULT1A1 and rSULT2A1 in female rat intestine was much stronger than that in liver (Fig. 1A) . In male rat intestine, caffeine up-regulated rSULT2A1 significantly (Fig. 3B) . Although caffeine also increased rSULT1A1, induction was not statistically significant. The realtime PCR results of caffeine induction of rSULT1A1 and rSULT2A1 in rat intestine are in agreement with our western blot results. (Fig. 4) The relative copy numbers of rSULT1A1 and rSULT2A1 mRNA were standardized by using rat β-actin mRNA. Induction fold was calculated by dividing the copy number of rSULT mRNA in caffeine-treated rats by the copy number of the corresponding rSULT mRNA in control rats. The division factors were plotted and expressed as relative densities. *P < 0.05 and ** P < 0.01.
DISCUSSION
Although caffeine is the most widely consumed psychoactive substance in the world, many of its biological effects are not well studied, such as its regulation of drug-metabolizing enzymes. Most studies on caffeine on drug-metabolizing enzymes have been focused on its metabolism by cytochrome P450 isoforms (Kot and Daniel 2008a-c) . Caffeine is metabolized in the liver by the cytochrome P450 enzyme system into three metabolic dimethylxanthines: paraxanthine, theobromine and theophylline. The most important P450 isoform for caffeine metabolism is CYP1A2 (Kotsopoulos et al., 2007 (Kotsopoulos et al., , 2009 . Caffeine has been used as a popular marker substrate for assessing the activity of CYP1A2, CYP2C and other isoforms (Kot and Daniel 2008a-c) . However, there are very few studies that have examined how caffeine regulates the expression of drug-metabolizing enzymes. One study showed that caffeine treatment increases its own metabolism in a dose-dependent manner and induces CYP1A1/1A2 expression in rat liver and kidney (Goasduff et al., 1996) . In another study, caffeine was found to induce two cytochrome P450 genes, Cyp6a2 and Cyp6a8, of Drosophila melanogaster in adult flies and in cell culture (Bhaskara et al., 2006 (Bhaskara et al., , 2008 . To the best of our knowledge, there are no reports on the regulation of SULTs by purified caffeine. In the present study, we investigated the regulation of rSULT1A1 and rSULT2A1 by caffeine in both the liver and intestine of male and female rats. Caffeine induced both rat aryl sulfotransferase (rSULT1A1, AST-IV) and rat hydroxysteroid sulfotransferase (rSULT2A1, STa) in the liver of female rats at both protein and mRNA levels in a dose-dependent manner. Moreover, western blot results indicated that in female rats caffeine-mediated induction of intestinal rSULTs was greater than that of liver. For female rats, protein expression of rSULT1A1 was induced 1.2-, 1.2-and 1.3-fold in liver vs 1.5-, 1.8-and 1.7-fold in intestine after 2, 10 and 50 mg kg −1 per day caffeine treatment, respectively. Our results indicate that in female rats intestinal rSULTs (rSULT1A1 and rSULT2A1) are more inducible than liver. This finding agrees with our previous report on methotrexate induction of rSULTs in female rats (Maiti and Chen, 2003) , which suggested that the gastrointestinal tract, like liver, is an important tissue for toxicant detoxification and drug metabolism. The overall expression level of rSULTs in intestine, however, is much lower than that in liver.
As in female rats, caffeine also induced rSULT1A1 in the liver and intestine of male rats, both at protein and mRNA expression levels. Intestinal induction, however, was not statistically significant. Since the overall level of intestinal rSULT1A1 expression is low, variation among different rats was high. This may be the reason that SULT1A1 intestinal induction results were not statistically significant. The western blot results showed that, in all three caffeine-treated groups, caffeine did not induce rSULT2A1 protein in male rat liver. The induction of mRNA expression occurred only in the liver of male rats treated with the highest dose of caffeine, suggesting that induction first occurred at the transcriptional level. The expression of liver or intestinal rSULT2A1 both at protein and mRNA levels also varied widely among the different male rats.
In the 1990s, Dr Curtis Klaassen's research team systematically studied the hormonal regulation and mRNA expression of six isoforms of rat SULTs using male and female rat livers Klaassen, 1996a, 1996b; Liu et al., 1996; Klaassen et al., 1998) . They found that rSULT1A1 expression is not regulated by growth hormone, in male rats rSULT1C1 expression is controlled by the secretory pattern of male growth hormone, and in female rats rSULT1E2 expression is suppressed by the secretory pattern of female growth hormone. Hydroxysteroid SULTs are primarily expressed in adult female rats. Synthetic glucocorticoid hormones, such as dexamethasone and pregnenolone-16-alpha-carbonitrile, can induce some rat hepatic SULT isoforms. These results indicate that one hormone (such as growth hormone) may differentially affect the regulation of different SULT isoforms or any given SULT isoform in different sexes, whereas different hormones may differentially affect any given SULT isoform. This may be the underlying reason for the different induction patterns we have observed in male and female rats.
Caffeine is known to be a competitive inhibitor of the enzyme cAMP-PDE, which converts cAMP in cells to its noncyclic form, thus causing cAMP to accumulate in cells (Colas et al., 2008; Crain and Shen, 2008) . In turn, cAMP accumulation leads to metabolic and hormone-related responses. High doses of caffeine have been shown to activate the hypothalamicpituitary-adrenocortical (HPA) axis (Patz et al., 2006) , which appears to play a significant role in the regulation of individual SULT genes (Runge-Morris, 1997). A low caffeine dose of 2 mg kg −1 significantly increased plasma adrenocorticotropic hormone (ACTH) and corticosterone concentration (Welsch, 1994 ; Figure 3 . Representative western blot and densitometric analysis of rSULT1A1 and rSULT2A1 in intestinal mucosa cells of female (A) and male (B) rats treated with varying doses of caffeine for one week. Values were divided by the smallest densitometric value obtained from the blot. The division factors are plotted and expressed as relative densities. *P < 0.05; ** P < 0.01; and*** P < 0.001. Welsch and VanderPloeg, 1994) . Moreover, caffeine was shown to enhance the secretion of parathyroid hormone (PTH) in sheep brain tissue in vitro, and like other xanthine phosphodiesterase inhibitors, caffeine was demonstrated to stimulate growth hormone secretion by directly affecting pituitary cells (Hochberg et al., 1984) . The molecular mechanisms underlying the caffeinemediated induction of rSULT1A1 and rSULT2A1 need to be further investigated.
Our results suggest that drug metabolizing SULTs are significantly induced by caffeine in drug detoxification tissues. Caffeine induction of rSULTs is gender-dependent. Consumption of caffeine can enhance xenobiotics detoxification; it can also increase drug metabolism rate, which could cause drug resistance. Figure 4 . Expression of rSULT1A1 and rSULT2A1 mRNA in intestinal mucosa cells of female (A) and male (B) rats treated with varying doses of caffeine for one week. Rat β-actin was used as a control for real-time PCR. The relative copy numbers of rSULT1A1 and rSULT2A1 mRNA were standardized using rat β-actin mRNA. Induction fold was calculated by dividing the copy number of rSULT mRNA in caffeine-treated rats by the copy number of corresponding rSULT mRNA in control rats. The division factors were plotted and expressed as relative densities. *P < 0.05; and ** P < 0.01.
